Purpose of Review We reviewed the current literature to assess the feasibility of ultrasound-assisted and ultrasoundguided procedures for the treatment of post-traumatic complications and to address the indications and techniques of procedures. Recent Findings Non-operative strategies have been introduced in the treatment of severe trauma, and consequently, the incidence of some post-traumatic complications has increased. US can be useful both for the initial assessment of trauma patients and for the treatment of complications. Summary Ultrasound-guided and ultrasound-assisted procedures as a therapeutic tool in the management of post-trauma settings are probably underused, in comparison with their successful use in other acute settings. Some new possible fields of clinical researches are suggested.
Introduction
In the last decades the use of ultrasound in the emergency department setting by non-radiologist doctors has been introduced into clinical practice. Ultrasound (US) imaging is characterized by many advantageous features such as portability, easy access, accuracy, and cost-effectiveness. Also, it is userfriendly in assessing unstable patients and requires no ionizing radiations. These are characteristics that make ultrasonography suited for surgical practice and dynamic clinical decisionmaking [1, 2] .
Surgeon-performed US in trauma patients became a topic of interest in the early 1990s [1, 3] and later, in 1999, the FAST (focused assessment with sonography for trauma) consensus conference credentialed the use of sonography in the initial assessment of trauma patients. The natural evolution toward the extended FAST (E-FAST) has spread its use to the evaluation of chest injuries [4, 5] and thereafter, more broadly, in the evaluation and management of trauma patients [6, 7] .
In fact, US applications have rapidly extended from diagnosis and initial assessment in trauma to US-guided and USassisted treatment options [8] [9] [10] .
Furthermore, POCUS (point of care ultrasound) is a realtime evaluation and fast decision-making tool that has proven to increase therapeutic success, decrease time for diagnosis and treatment, and reduce complications associated to invasive procedures.
Surgeon-performed US is fast, accurate, and potentiates the surgeon's diagnostic capacities broadening as well as the array of therapeutic options [11] [12] [13] .
Especially in the non-operative management of posttraumatic complications, the use of US is particularly suited for follow-up owing to its portability, non-invasiveness, repeatability [14] .
Nonetheless, many argue that US has the limit of being an operator-dependent imaging technique that requires expert users. In order to overcome such frequent objection, many scientific societies and medical schools have empowered their core curricula with US anatomy courses and FAST courses, training a growing number of future doctors to use US in the everyday clinical practice [15] [16] [17] . Consequently, surgeon trainees soon became surgeon trainers [6] .
Moreover, US and its use as a trauma assessment tool are a consolidated topic in the literature, while the interventional US application in the treatment of posttraumatic complications is hardly an explored issue as shown by the limited number of articles written on the subject. It is well known how easy and safe is to puncture or drain a free demarcated collection under US guidance, even with limited experience in the in-plane or out-ofplane techniques.
Based on these premises, the purpose of this review is to assess the feasibility and usefulness of interventional US in the treatment of post-traumatic complications such as retained hemothorax, occult pneumothorax, liver trauma and bilomas, non-operative management of splenic injuries and splenic abscesses, pancreatic trauma, Morel-Lavallée lesion, and softtissue abscesses.
Retained Hemothorax
Hemothorax is a frequent post-traumatic complication occurring in around 60 % of polytrauma cases [18] .
US can be very useful in the initial diagnosis of this condition, offering a higher sensitivity in detecting small fluid collections (<200 ml) compared to chest X-ray (CXR) and also showing multilocular features [10, 19] .
According to a recent prospective observational cohort study on 112 patients, no difference was found in diagnosing hemothorax when comparing clinical examination (CE) plus CXR with ultrasound alone; conversely, US has proven a higher sensitivity in diagnosing pneumothorax (PTX) and lung contusion compared to CE plus CXR [20] .
The initial treatment consists of chest tube positioning and prompt pleural cavity drainage. This procedure can benefit from US assistance. Out of emergent situations, when thoracic drainage should be placed according to the ATLS-suggested rules, US-assisted thoracostomy allows the optimal positioning of the tube and immediate follow-up [21] .
Studies show that in 1 to 20 % of cases, chest tube drainage can fail in draining the whole collection [22] , and in some cases, a residual or retained hemothorax (RH) is formed.
Furthermore, retained hemothorax, defined as a blood collection of more than 300-500 ml in the pleural cavity persisting for at least 3 days after trauma, is an uncommon complication of chest trauma; nonetheless, there are no conclusive statistics on its incidence [23] .
According to a prospective cohort study from 2011, on 633 patients who underwent thoracostomy for traumatic hemothorax, the incidence of RH was 16.7 % with 10 % additional complications during a time span of 28 months.
Risk factors for RH are quantity of initial blood drainage, number of tubes placed, duration of tube thoracostomy, and need for mechanical ventilation [24] .
RH is an independent factor for empyema which occurs in a 10 % of patients who undergo post-traumatic thoracostomy and pneumonia which occurs in a 19.5 % of cases as assessed in a recent prospective observational American Association for the Surgery of Trauma (AAST) study [25, 26] . For this reason, hemothorax must be quickly recognized and promptly treated [27] .
Initial RH treatment is prevention, through a proper and prompt chest tube positioning for the drainage of the primary post-traumatic hemothorax. As mentioned above, US-assisted drainage could be an additional option in physiologically normal patients.
Thus, a careful monitoring of a complete drainage of the bloody collection is the second step for an optimal management of hemothorax. However, CXR is not considered the gold standard for diagnosis compared to CT scans, as the latter cannot be always and systematically performed. For these reasons, US can be very useful in assessing the daily complete evacuation of hemothorax [20] .
Also, when a second thoracostomy tube placement is needed, or an initially not drained small hemothorax increases and needs drainage, the invasive procedure can strongly benefit from US assistance allowing the detection of the residual or multiloculated collections and indicating the more dependent and suitable site for drainage.
Other treatment options for RH include observation, intrapleural thrombolysis, early video-assisted thoracoscopy (VATS), and thoracotomy, although very few studies and case series have investigated the most appropriate treatment strategy [23] .
Anyway, it is widely agreed, that evacuation of retained hemothorax should be done early, if possible, within 3-7 days after trauma, in order to decrease complications and allow a complete clearing of the pleural cavity [23, 26, 28] .
The Eastern Association for the Surgery of Trauma (EAST) guidelines reserve no role for a second drainage in the management of a persistent retained hemothorax, with a level I of evidence [28] .
Experiences with intrapleural thrombolysis are not recent and very limited [29] [30] [31] [32] [33] [34] , and none of the reported ones were done with US assistance. In the prospective observational study of Kimbrell and coworkers [29] , intrapleural thrombolysis achieved 92 % of success in patients with RH higher than 300 ml. Other series [30, 31] achieved a similar success rate.
Oguzkaya et al. [34] retrospectively evaluated their series comparing intrapleural thrombolysis vs. VATS, with, respectively, 70 and 88 % of complete radiological improvement.
A possible role for US-assisted thrombolysis might be explored, in order to improve the right placement of the tube, the daily monitoring of effectiveness and reducing both the need for chest films and CT and the time to surgical treatment (VATS), when necessary.
Thus, US should be in the surgeon armamentarium for the detection, observational follow-up, and eventual procedural US-assisted treatment of retained hemothorax. Probably, the actual main role for US is in assisting the optimal positioning of the first drainage in non-emergent situations, whenever is possible (i.e., isolated thoracic trauma without hemodynamic abnormalities).
Small Pneumothorax
Occult PTX is currently defined as a pneumothorax that is seen on chest CT, but not on plain films [28] , even if accuracy of US in the detection of PTX is well documented. Management of small and occult PTX is debated and often should be tailored to the single patient. A recent EAST guideline paper on practical management of occult pneumothorax states that occult pneumothorax may be observed in a stable patient regardless of positive pressure ventilation. Scoring systems are not considered accurate in predicting which patients will need a thoracostomy tube for occult pneumothorax (level 3 evidence) [28] .
Defining the size of an incomplete PTX is easily performed by bedside US, identifying the lung point sign along the intercostal spaces (Fig. 1a) . Sensitivity in the detection of small anterior PTX is very high, and US can be used in monitoring in real time, spontaneous reabsorption, or aspiration [35, 36•, 37, 38] .
Moreover, as requested by the clinical situation (for instance, the need of tracheal intubation for delivering general anesthesia for surgery), US-assisted drainage of small PTX makes this procedure safe and fast, even in very critical conditions. The image of the precise circumscribed PTX site allows the placement of the needle or drain in the Bfree pleural air^zone, avoiding further iatrogenic lung injuries (Fig. 1b) . Real-time US monitoring of the sliding lung sign with the linear probe to the sternal margin confirms the complete expansion of the lung.
Liver Lesions and Bilomas
Liver injuries are the most frequent lesions occurring after blunt abdominal trauma. In the last decades, non-operative management has been the preferred strategy even in the case of severe liver injuries. After operative treatment of liver injuries, incidence of post-traumatic biliary complications such as biloma, hemobilia, and biliary fistula, ranges from 1 to 22 % [39] [40] [41] . The same injuries are reported at 2.8 to 7.4 % in conservatively managed liver trauma cases [41] [42] [43] .
Bilomas and extrahepatic collections due to biliary leaks could benefit from interventional maneuvers.
A biloma is currently defined as a well-demarcated bile collection located outside the biliary system or the gallbladder [44•] . Mainly, it occurs as a postoperative complication of cholecystectomy, liver resections, liver damage control surgery, or as a result of blunt liver trauma.
Bilomas are rare lesions, presenting high rates of morbidity and mortality, with a reported incidence of 4 % (1/22) after damage control surgery for liver trauma, as shown in a Dutch series [39] . In a paper of Padalino et al., US was employed for a systematic follow-up of liver lesions after non-operative management (NOM). The incidence of biloma was 2.2 % over a group of 44 patients [45] .
US plays a key role in diagnosing bilomas. When in doubt, the biliary nature of the collection could be easily confirmed by a percutaneous US-guided puncture [44•] . The maneuver could be performed bedside with a 19-21 G needle. Many bilomas resolve spontaneously.
Treatment options, as for other post-traumatic biliary complications, include endoscopic retrograde cholangiopancreatography (ERCP) with sphincterotomy, Fig. 1 a US delimitation of PTX can be performed bedside, better with the patient in the supine position. The dotted line marks the lung points detected by the US probe in every intercostal space. In this patient, PTX is at midaxillary line. b US delimitation of a small anterior PTX, extended over only the first two intercostal spaces (areas with oblique lines). If clinically requested, drainage of this small PTX can be performed safely without any risk surgery, and percutaneous drainage. The latter could benefit from US assistance. In fact, the vast majority of intra-and extrahepatic bilomas could be drained bedside with US assistance.
US-guided percutaneous drainage or aspiration is considered the best treatment option for non-spontaneously resolving bilomas, mainly for smaller collections, which need an accurate localization by means of US [44•] .
NOM of the Spleen and Splenic Abscesses
The spleen is the second most injured organ in blunt abdominal trauma [46] . Over time, spleen injury management has shifted from operative management (OM) to NOM.
Recent guidelines suggest NOM as an optimal treatment in stable patients [47] , and early FAST can quickly select patients as candidates for OM, instead of NOM, allowing an adequate selection which is crucial for the successful outcome of this treatment [48, 49] .
When surgery is needed, post-splenectomy collections could benefit from US-guided drainage, as for any other intra-abdominal collection.
Complications after splenic NOM occur in a 17.6 % of adults [9] .
In particular, most frequent complications in postembolization are abscesses and splenic infarction. They have reported rates ranging between 3 and 14 % [50, 51] . A recent review over 1085 patients treated by NOM, 88 of whom submitted to angioembolization (AE), reports a complication rate of 14 % after AE. In particular, splenic infarction accounted for 2.3 % after AE, splenic abscess 6.8 %, contrast-induced renal insufficiency 2.3 %, and late development of splenic cyst 2.3 % [51] . Splenic infarction requires observation or surgery. The latter is frequently required also for splenic abscesses, mainly when it relates to a bacterial infection on a splenic infarction.
US-guided percutaneous drainage or fine needle aspiration of non-traumatic splenic abscesses is considered anyway a reliable technique, with high success rates and cost-effectiveness, as compared to surgery [52, 53] .
Therefore, this technique might be an advisable option for managing post-traumatic splenic abscesses following NOM. Theoretically, drainage of a post-AE abscess could be more difficult inasmuch as infected ischemic splenic tissue has a different density than a simple pyogenic abscess.
Notwithstanding, no specific literature was found about percutaneous drainage of splenic abscesses after NOM.
Pancreatic Trauma
The incidence of pancreatic injuries, following blunt abdominal trauma is low (0.4 %) [54] . The rarity of these lesions can lead to late diagnosis and delayed treatment. Clinical examination and laboratory tests, such as increasing amylase, are not specific [55] . Major prognostic factor for pancreas injuries is the main pancreatic duct lesion [55, 56] . In the hemodynamically stable patient, CT scan is considered the first-line imaging modality to assess other organ injuries and lesions of the pancreatic duct. These lesions can also be investigated through ERCP or MRCP (magnetic resonance cholangiopancreatography). Conversely, US has a limited role, but could be very useful in the initial assessment and follow-up of post-traumatic complications such as pseudocysts, peripancreatic fluid collections, intra-abdominal abscesses, and pseudoaneurysms.
It is well established that, for all lesions without any main pancreatic duct injury (grade I-II AAST-OIS), simple drainage is the treatment of choice, eventually associated with pancreatic duct stenting in more advanced grades [56] . Looking at the WTA algorithm [57] , US can play a monitoring role in the expectant non-operative management cases, and after surgery, the all-time simple drainage is the chosen option (grade I-II, some grade III-IV right to SMV).
In all these cases, US can monitor a successful evolution and also play a role in treatment. Indeed, most frequent complications from pancreatic injury are persistent pancreatic fistulas and pseudocysts.
Concerning pseudocyst treatment, percutaneous USguided pseudocyst drainage is considered a feasible and safe procedure [58] . Especially in recent years, this procedure has been increasingly used in clinical settings, even though few cases have been published in the literature, and no official recommendation has been established, yet [59] .
In a recent systematic review by Teoh, endoscopic, percutaneous, and surgical treatments of pseudocysts are compared. There is no consensus whether surgical drainage of pancreatic pseudocysts is superior to percutaneous procedures. However, surgical drainage is preferred in some cases in order to prevent the development of external pancreatic fistulas. Endoscopic treatment, on the other hand, is feasible in selected cases depending on cyst localization and among endoscopic procedures; EUS-guided drainage could be safer than EGD for non-bulging cysts. Currently, there is a lack of consensus in the best practice for pseudocyst drainage [60•] . The procedure of choice depends on different factors such as patient's global condition, cyst location, number, and size [58] . US-guided drainage is one of the available options.
Diagnostic Peritoneal Aspiration in Blunt Abdominal Trauma
Diagnostic peritoneal lavage (DPL) has played for many years a pivotal role in abdominal trauma management, while, nowadays, it is quite completely overtaken by FAST. Notwithstanding, sometimes the confirmed presence of intraperitoneal bleeding is not ruled out by FAST, or the nature of the free peritoneal fluid detected by US or CT remains uncertain. For example, this could be the case of suspected hollow viscus injuries, delayed diagnosis of bladder rupture, free fluid in injured cirrhotic patients, etc. In these situations, DPL or diagnostic peritoneal aspiration (DPA) could be an option.
Surprisingly, the literature about DPA in trauma patients is very poor. Heetveld et al. [61] included DPA in the algorithm for pelvic trauma management as an alternative to FAST. Kuncir and Velmahos [62] , in a prospective observational study, concluded that DPA was accurate, fast, safe, and superior to FAST for the diagnosis of abdominal blood as the source of hemodynamic instability in the specific population of hypotensive blunt multitrauma patients. In both studies, DPA was performed blindly according to standard closed technique used for DPL [61, 62] .
No published series were found about the use of USguided DPA in trauma patients. A preliminary communication concerning 79 patients, systematically submitted to US-guided DPA for acute non-traumatic abdominal conditions, reported a 98.7 % feasibility rate of the maneuver and an overall rate of clinical decisions impacted by a US-DPA of 58.9 % [63] . These findings suggest that this technique might be easily applied in trauma patients, when indicated, contributing to shorten the decisionmaking process.
Morel-Lavallée Lesion
Morel-Lavallée lesion (MLL) is a rare complication of direct blunt trauma and the result of a closed degloving injury. Trauma mechanism involves tangential shear forces, and in 50 % of cases, a high energy impact is the cause for this soft tissue lesion. The lower limb is the most frequent zone involved, especially the great trochanter area. Pelvic or acetabular fracture is typically associated, but contact sports are increasingly the cause [64] .
MLL consists of a cystic cavity created by the detachment of the hypodermis from the underlying fascia. The cavity that is usually formed is filled with blood and lymph derived by the teared vessels and necrotic fat.
Diagnosis and treatment are frequently delayed, because the lesion usually develops several days after the trauma [65] , increasing the risk of infection [66] . Incidence and the natural history of this lesion are unknown since only the case series is reported in the literature on this topic; although, patients are mainly female and with a BMI higher than 25 [64, 67•] . In some patients, the lesion volume spontaneously decreases over time or remain stable, whereas in other cases, it progressively expands or assumes a recurrent pattern [64] .
Since MLL is associated with blunt high energy trauma, it is fundamental to assess the presence of underlying associated injuries [68] .
A history of recent trauma and clinical examination is the first aspect to consider in order to assess MLL for diagnosis. However, ultrasound and MRI can be crucial for definitive diagnosis.
MRI is the most specific diagnostic exam in order to differentiate MLL from abscesses, hematomas, lipomas and pseudo-lipomas, soft tissue tumors, fat necrosis, and bursitis [67•] .
Ultrasound assessment can be very useful showing an anechoic or hypoechoic cavity containing fluid with hyperechoic nodules representing fat remnants [69] .
The shape of MLL varies from lobular, to fusiform and flat, located between the fascia and hypodermis [69] . Deformability under probe graduate compression is a specific US finding.
So far, there is no unanimous consensus on treatment options available which include rest, compressive bandaging, percutaneous drainage plus skin debridement, serial aspiration, open surgery and debridement, and percutaneous sclerodesis with different agents as talc, alcohol, doxycycline, and sotradechol foam [67•, 70, 71] .
The goal of all techniques is both to obtain the collection drainage or reabsorption and prevent infection.
To our knowledge, only two studies concerning full USguided MLL treatment are reported in the literature [72, 73] . Isaacson and Stavas performed a successful US-guided drainage with alcohol injection-reaspiration of a MLL of the right lateral thigh [72] . Luria et al. treated four patients with MLL by image-guided drainage and percutaneous talc injection, with a complete resolution after 14-42 months [73] .
Furthermore, US-assisted drainage of MLL was performed on eight patients by Zhong et al., for whom US was used to identify the most suitable site for a 2-cm incision for suction, irrigation, and drain positioning [65] .
Lastly, compared to open surgical treatment, US-guided or assisted MLL treatment could involve minimum invasiveness being advantageous in this type of lesions where vascularization is compromised [65] .
Also, US could quickly assess undrained areas and the need for repeated follow-up [74] .
Soft-Tissue Abscesses
Soft-tissue abscesses are common findings in clinical practice and consist of an inflammatory process that determines the formation of a pus-filled cavity. According to an epidemiologic study from 2009, in the time span between 1996 and 2005, the number of emergency department (ED) accesses due to abscesses, doubled [75] .
In trauma settings, abscesses can complicate minor soft tissue blunt injuries, deep or superficial foreign body retention, degloving injuries as MLL (see above), and flap skin wounds or reconstructions.
Owing to its high sensitivity, even in comparison with CT scans, US is considered the imaging of choice for diagnosis and treatment of soft tissue conditions, as assessed in the ABSCESS (applied bedside sonography for convenient evaluation of superficial soft tissue infections) prospective clinical trial [76] . In fact, US can distinguish solid lesions from cystic ones, and among these, it contributes to differentiating abscesses from other conditions such as cellulitis, foreign bodies, or fasciitis, leading to proper treatment [76] [77] [78] .
An ancient Latin aphorism suggests: BUbi pus, ibi evacua^(where there is pus, there evacuate it), and nowadays, US-guided percutaneous drainage or aspiration of soft tissue abscesses is a feasible option thanks to its advantages such as portability, direct visualization of the abscess cavity precise drainage positioning, and immediate follow-up. This procedure reduces hospital admissions, offering shorter recovery, allowing everyday activities, and reducing complications such as injuries of adjacent structures. For these reasons, patients' satisfaction is usually high [79] .
In a 24-month prospective observational study, 40 patients were assessed by bedside US performed by novices for the detection of soft tissue abscesses [80] . This study showed an increasing diagnostic accuracy in novice ultrasonographers. Also, US-guided abscess drainage proved to be an easily learned procedure.
No randomized study has been reported in the literature, neither post-traumatic abscesses have been studied as specific pathologic entities in order to assess the US-guided drainage. However, the case series reported in the literature all agree with the advantages, feasibility in clinical practice, and safety of this technique [81] .
Conclusions
US is a consolidated tool for early assessment of trauma patients, and its features make this imaging technique reliable for therapeutic interventions. Adequate and early training is considered a cornerstone in allowing this technique to be mastered by non-radiology specialists, as well as residents. In particular, surgeon-performed US can really impact on daily management of critically ill patients. Studies on the use of ultrasound-guided procedures and their effectiveness in the treatment of post-traumatic complications are scarcely found in the literature; even though, these techniques are suitable for a multitude of indications and can provide safer and costeffective patient management.
Compliance with Ethical Standards
Conflict of Interest Drs. Zago, Bozzo, and Mariani declare no conflicts of interest relevant to this manuscript.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
